A UV/ozone-assisted tribochemistry-induced nanofabrication method is proposed to improve the efficiency of nanofabrication on monocrystalline silicon (Si). Experimental results indicated that the UV/ozone oxidation process provides a simple and efficient method to prepare SiO x films on Si substrates. After UV/ozone oxidation for 10 min, a SiO x film with 3 nm thickness and 42% oxygen content was prepared on a Si substrate. In addition, the SiO x film prepared via UV/ozone oxidation shows super-hydrophilicity, which is beneficial to the following tribochemistry-induced nanofabrication. Through the control of the UV/ozone oxidation period, nanostructures with various depths can be easily fabricated on Si substrates. With the increase of the UV/ozone oxidation period from 0 min to 30 min, the stable depth of the nanogrooves on the Si substrate increased from 2.5 nm to 230 nm. The proposed method provides a new approach for the fabrication of a wide variety of nanoscale structures and devices, including nanogratings, micro/nanofluidic devices, Si molds, and surface textures.
Introduction
As a result of its excellent mechanical and physical properties, monocrystalline silicon (Si) has become the most important semiconductor structural material for electronic and photovoltaic industries. 1 The traditional approaches to nanofabrication on Si surfaces include photolithography and nanoimprint lithography, which, to some extent, face technical challenges in resolution, throughput, cost, exibility, etc.
2,3 Therefore, new nanofabrication methods, especially those for Si-based devices, should be thoroughly explored.
Recently, tribochemistry-induced nanofabrication has attracted signicant attention because of its simplicity, exi-bility, and low destruction. [3] [4] [5] [6] Various patterns can be easily fabricated on Si surfaces via tribochemical scanning and postetching. 7, 8 In this method, a silicon oxide (SiO x ) etching mask needs to be prepared on a Si surface to resist KOH etching for fabricating nanostructures. The traditional methods for the preparation of SiO x masks, such as thermal oxidation, wet chemical oxidation, and plasma-assisted oxidation, are usually complicated and time consuming. For example, thermal oxidation and plasma oxidation involve ve main steps: cleaning in HF solution, aerating gaseous mixture of argon and oxygen, warming sample, treating for several minutes, and annealing. The whole process usually requires more than 40 min.
9,10
Simplifying the nanofabrication process and accelerating the preparation of SiO x masks necessitate the development of new preparation methods to further improve tribochemistry-induced nanofabrication.
As a result of its simple, efficient, and green properties, UV/ ozone oxidation is widely used to remove hydrocarbons on the surfaces of semiconductors, glasses, ceramics, metals, and other compounds in industrial processes. In addition, hydroxylrich oxide lms can be generated on Si surfaces during the UV/ozone treatment process, 11, 12 thus benetting the tribochemical reaction between SiO x lms and SiO 2 tips. 13 These characteristics indicate that the UV/ozone oxidation approach may be a good candidate method for preparing SiO x lms for tribochemistry-induced nanofabrication.
In this study, the UV/ozone oxidation approach was introduced in the preparation of SiO x lms for tribochemistryinduced nanofabrication. The effects of UV/ozone oxidation on the oxygen content, thickness, and hydrophilicity of SiO x lms were investigated. On the basis of the results obtained with a scanning auger electron spectrometer, the etchingresistant ability of SiO x lms was discussed. These ndings facilitate the development of the tribochemistry-induced nanofabrication method.
Experimental materials and methods
All the UV/ozone oxidation and nanofabrication experiments were performed on p-type Si(100) wafers with a thickness of 0.5 mm (MEMC Electronic Materials, Inc., USA). Before UV/ ozone oxidation, the samples were dipped into 10 wt% HF solution for 2 min to remove the supercial native oxide layer. 14, 15 Aer this treatment, every Si surface became H-passivated and showed a water contact angle of about 88 .
The whole UV/ozone-assisted tribochemistry-induced nanofabrication process only consisted of three steps, as shown in Fig. 1 . First, a SiO x lm with a thickness of $3 nm was generated on a H-passivated Si(100) surface through a dry oxidation technique with a UV/ozone system (PSDP UV-8T, Novascan, America). During the experiment, the samples were placed 10 mm away from the low-pressure mercury lamps (Fig. 1a) . Second, the prepared hydrophilic SiO x lm was removed by scanning a SiO 2 tip under low load in humid air to expose the target area of the Si(100) substrate (Fig. 1b) . 16, 17 Finally, the exposed Si(100) substrate was selectively etched in KOH solution to form a deep nanogroove (Fig. 1c) . As a result of its low etching rate in KOH solution, the SiO x lm on the non-scanned area can serve as a mask to protect the Si(100) substrate from etching. 18 As this method avoids the complex and timeconsuming preparation of masks, the fabrication efficiency can be improved.
During the fabrication process, scratching was conducted on a Si substrate covered with SiO x lm (SiO x /Si(100)) by using an atomic force microscope (AFM; SPI3800N, Seiko, Tokyo, Japan). The tip was a SiO 2 sphere with a nominal radius of 1.5 mm and normal spring constant of 16 N m À1 . During the scratching process, temperature was controlled at $23 C, and relative humidity was approximately 45%. In the etching process, a mixture of 20 wt% KOH solution and isopropyl alcohol (volume ratio ¼ 5 : 1) was used for selective etching of the exposed Si. The etching temperature was set to 25 AE 1 C. All the AFM images were scanned in vacuum with silicon nitride tips (MLCT, Veeco Instruments Inc., Plainview, NY, USA) with a spring constant of 0.1 N m À1 . The oxygen content and thickness of the SiO x lm on the Si substrate were characterized with a scanning auger electron spectrometer (PHI700Xi, ULVAC-PHI, Japan). The contact angle of the surface was tested with an optical contact angle measuring device (DSA-100, KIUSS, Hamburg, Germany).
Results and discussion
Preparation mechanism of SiO x lm in UV/ozone system
The preparation mechanism of SiO x lms in the UV/ozone system was investigated. H-passivated Si(100) samples were treated in the UV/ozone system (25 mW cm À2 ) for different periods and then characterized with the scanning auger electron spectrometer. As shown in Fig. 2 , the UV/ozone oxidation period almost has no effect on the thickness of the SiO x lm. All SiO x lms have a thickness of $3 nm. Nevertheless, the oxygen content of the SiO x lm increased with the UV/ozone oxidation period and decreased greatly with the depth of the SiO x lm. The untreated sample (0 min) showed extremely low oxygen content. Aer the UV/ozone treatment lasting 3 min, the oxygen content on the Si surface increased quickly from 10% to 30%. Finally, when the UV/ozone oxidation period reached 30 min, the oxygen content further increased to 46%. The above results may be attributed to the photo-oxidation reaction on the Si(100) surface in the UV/ozone system. [19] [20] [21] As shown in Fig. 3 , the photo-oxidation reaction mainly included two processes: organic decomposition and oxide densication. The UV/ozone system was equipped with a low-pressure mercury vapor UV lamp with simultaneous emission at 184.9 and 253.7 nm. Hence, ozone and atomic oxygen were continuously generated in the UV/ozone system. 19, 22 With the help of ozone and atomic oxygen, the surface organic contaminants were decomposed in a short time (Fig. 3a) . Thereaer, the exposed Si surface was oxidized by the hydroxyl group and atomic oxygen (Fig. 3b) . 19, 23 Finally, the oxide was gradually densied into a lm on the Si(100) surface with the increase of oxygen content, as shown in Fig. 3c .
Based on the photo-oxidation mechanism, the thickness of SiO x lm was strongly dependent on the wavelength of UV rays. 24, 25 For the given wavelength of UV rays in our study, the oxidation period almost has no effect on the thickness of SiO x lm, but has obvious inuence on oxygen concentration, as shown in Fig. 2 . With the increase of oxidation period, the atomic oxygens continually diffuse into Si-Si network structure to form Si-O bonds and increase the oxygen concentration of SiO x layers. It is estimated that there are about 3 UV photons crash a Si atom per second in the UV/ozone system. Hence, the Si-Si bonds can be quickly broken by UV photons before 3 min. With continuously proceeding of photo-oxidation process, large quantities of Si-O bonds have been formed in the SiO x layers. As a result, the diffusion of atomic oxygens into the SiO x layers became more and more difficult, which further led to the decrement of growth rate of oxygen concentration.
Clearly, the UV/ozone oxidation process provides a simple and efficient method to prepare SiO x lms on Si substrates. Defects and impurities are not observed on the SiO x lms. Through the control of the UV/ozone oxidation period, SiO x lms with different oxygen contents can be easily obtained (Fig. 2) . For comparison purposes, Table 1 is presented to summarize the typical oxidation methods for ultrathin SiO x layers. Dry thermal oxidation is usually performed at high temperatures in a dry oxygen and argon environment. The plasma-assisted oxidation of Si is usually performed with a plasma-enhanced chemical vapor deposition system in a gaseous mixture of nitrogen and oxygen at a low processing temperature. Samples obtained with these two methods require annealing, and the total preparation time is usually more than 40 min. In the wet chemical oxidation process, samples need to be dipped in a diluted HCl solution (1%) or boiled in concentrated HNO 3 solution at 80 C for 20-30 min.
10,26,27
Effect of UV/ozone oxidation period on the wettability of Si(100) surface
In addition to the mask ability of SiO x lms, the wettability of Si(100) substrates can be improved via UV/ozone oxidation. As shown in Fig. 4 , aer the UV/ozone oxidation treatment for 5 min, the hydrophobic Si(100) surface was converted into a hydrophilic surface with a water contact angle of 10 ( Fig. 4b) .
Aer treatment for 30 min, a super-hydrophilic Si(100) surface was obtained. Such hydrophilic process may be attributed to the hydroxylation of the Si(100) substrate during the photooxidation reaction process, 28 this process benets the tribochemical reaction of SiO x lms with SiO 2 tips. 13 In this study, To verify the advantage of UV/ozone oxidation in the tribochemistry-induced nanofabrication, we prepared an ultrathin SiO x lm on Si(100) samples via natural oxidation, dry thermal oxidation, and wet chemical oxidation. The thermal oxidation Si(100) sample was prepared at $850 C in a horizontal oxidation furnace for 5 min using a dry thermal oxidation process; the wet oxidation Si(100) sample was prepared in $65 wt% HNO 3 solution for 30 min at 80 C. 3 In the comparison of the water contact angles of 39 , 36 , and 29 for the SiO x /Si(100) samples prepared via natural oxidation, thermal oxidation, and wet oxidation, the water contact angle of the SiO x /Si(100) sample prepared via UV/ozone oxidation (Fig. 4 ) emerged as the smallest. As a result of its super-hydrophilic property, the SiO x /Si(100) sample prepared via UV/ozone oxidation showed the largest fabrication depth aer scanning a SiO 2 tip under the same loading conditions (Fig. 5) . Aer onecycle scanning, the fabrication depth of UV/ozone oxidation samples is 1.29, 1.56 and 1.66 multiples of natural oxidation, wetchemical oxidation and thermal oxidation samples, respectively. The increase of the scanning cycles can to some extent increase the increment of fabrication depth. It was noted that even though the UV/ozone oxidation samples are more hydrophilic than the natural oxidation samples, the fabrication depth does not show much advantage under one-cycle scanning. The reason may be attributed to their similar oxygen concentration. Nevertheless, the UV/ozone oxidation can effectively improve the efficiency of tribochemistry-induced nanofabrication.
Effect of UV/ozone oxidation period on the nanofabrication of Si(100) surfaces
As an improved tribochemistry-induced selective etching approach, the UV/ozone oxidation period has a signicant effect on the nanofabrication of monocrystalline Si (Fig. 6 ). Before fabrication, the supercial native oxide layer on the Si(100) samples was removed in the HF solution and then oxidized in the UV/ozone system for various periods. A target area (5 mm Â 5 mm) of these treated samples was scanned by a SiO 2 tip under a normal load of 3 mN (the corresponding Hertzian contact pressure was $1.137 GPa) in humid air to remove the SiO x lm. Aer scanning the target area for 10 cycles, the fabrication depth was $2.5 nm (Fig. 7a) . The corresponding fabrication depths aer chemical etching in KOH solution for various periods are shown in Fig. 6a. Fig. 6b plots the variation of the stable fabrication depth of nanogrooves with the UV/ozone oxidation period of Si substrate. Three-dimensional topographies of Si(100) samples oxidized for various periods in the UV/ozone system were characterized by AFM (Fig. 7) . The results suggested that the mask ability of the SiO x lm prepared on the H-passivated Si(100) surface depended strongly on the UV/ozone oxidation period. With the increase of the UV/ozone oxidation period from 0 min to 30 min, the stable depth of the nanogrooves on the Si substrate increased from 2.5 nm to 230 nm. Therefore, through the control of the UV/ozone oxidation period of the Si(100) samples, nanostructures with various depths were easily fabricated with the improved tribochemistry-induced nanofabrication approach. The SiO x mask on the Si surface was also completely removed aer chemical etching in KOH solution for 20 min.
Through the application of the UV/ozone-assisted nanofabrication approach, the efficiency and controllability of tribochemistry-induced nanofabrication can be further improved. Such nanofabrication method provides a new way to fabricate nanoscale structures and devices, including nanogratings, micro/nanouidic devices, Si molds, and surface textures. The maximum size of the sample is 8 Â 8 inch for our UV/ozone system. The fabrication on larger sample is expected to be realized by increasing the number of low pressure quartz mercury. 
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Conclusions
A UV/ozone-assisted tribochemistry-induced nanofabrication approach was proposed to improve the efficiency of preparing SiO x masks and simplify nanofabrication on monocrystalline Si. The dependence of the oxygen content, thickness, and hydrophilicity of SiO x lms on UV/ozone oxidation period was investigated. The etching-resistant ability of SiO x lms determined with a scanning auger electron spectrometer was also discussed. The main conclusions can be summarized as follows.
(1) During the UV/ozone oxidation process, the SiO x lm was quickly prepared on the Si(100) surface through the photooxidation reaction. Aer UV/ozone oxidation for 10 min, a SiO x lm with 3 nm thickness and 42% oxygen content was prepared on a Si substrate.
(2) The SiO x lm prepared via UV/ozone oxidation showed super-hydrophilicity, which benetted the following tribochemistry-induced nanofabrication.
(3) Through the control of the UV/ozone oxidation period, nanostructures with various depths were easily fabricated on a Si substrate. With the increase of the UV/ozone oxidation period from 0 min to 30 min, the stable depth of the nanogrooves on the Si substrate increased from 2.5 nm to 230 nm.
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